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This work aims to investigate the single component adsorption of glucose, fructose, sucrose and fruc-
tooligosaccharides (FOS) using six cationic forms (Naþ, Caþ2, Baþ2, Sr2þ, Kþ and Mg2þ) of the X zeolite in
a stirred tank reactor. A mathematical model was proposed taking into account the kinetic and mass
transfer phenomena. The estimated parameters were used to evaluate adsorption rates and mass transfer
resistances involved in the process. Based on experimental results, it was found that the separation of
glucose, fructose and sucrose from the reaction medium could be performed using the following forms of
zeolites: NaX, NaX/BaX and MgX/CaX. However, a low adsorption capacity and a high mass transfer
resistance for separation of FOS were found. The analysis of the estimated process parameters and
experimental data led to the conclusion that the NaX type zeolite was the most appropriated, since
a higher adsorption rates and lower mass transfer resistance was found out in comparison to any other
cationic forms.
 2012 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction
Fructooligosaccharides (FOS) are a group of oligomers contain-
ing one glucose unit and 2e10 fructose units attached by a b-(2-1)
bond. The most common are the three smallest oligomers: kestose,
nystose, and fructofuranosylnystose (Fernández, Maresma, Juarez,
& Martinez, 2004). FOS successfully entered the international
functional food market as ingredients, after their FDA approval in
2000. They are produced industrially either by chemical hydrolysis
of inulin from chicory or Jerusalem artichoke or by enzymatic
transfructosylation of concentrated sucrose solutions (Risso,
Mazutti, Costa, Maugeri, & Rodrigues, 2010). In the latter case,
one glucose molecule is release per transferred fructose molecule.
The reactor outlet product contains, besides FOS, a large amount of
glucose, un-reacted sucrose, and a small portion of fructose, which
is produced by the hydrolytic side reaction. These mono and
disaccharides should be separated from FOS in order to maintain
their prebiotic function (Gramblicka & Polakovic, 2007).
The design of an industrial-scale separation process based on
adsorption includes the selection of suitable adsorbent materials,
and knowledge of adsorption equilibrium of individual compounds
of the feed stream (Gramblicka & Polakovic, 2007). Recent works in
adsorption process technologies have proposed resins or zeolites for: þ55 19 35214027.
uhn).
sevier OA license.carbohydrate separation. Many researchers have studied zeolites,
focusing mostly on zeolites X and Y, using chromatographic
methods. NaX was reported to be glucose selective, KX and certain
cationic forms of Y (Ca-, K-, and Sr-) were found to be fructose
selective (Hammoudi et al., 2008; Heper, Turker, & Kincal, 2007).
In the literature there are not many studies that reported the
puriﬁcation of fructooligosaccharides, so this work is to contribute
toward the knowledge of adsorption parameters of some sugars,
mainly fructooligosaccharides. Besides, the application of adsor-
bents such as zeolites which are not usually applied in puriﬁcation
and separation of sugars.
Regarding the use of zeolites to recover mono and disaccharides
from enzymatic synthesis of FOS, it is interesting to determine the
kinetic and thermodynamic properties of the system. The equilib-
rium data, ﬁlm mass transfer coefﬁcient and intraparticle diffu-
sivity are important parameters to be considered in selection and
optimization of a puriﬁcation process since they determine the
range inwhich the sorption step can be carried out to ensure a good
performance of the equipment, and give support to the process
scale-up. The usefulness and conﬁdence of the kinetic and mass
transfer parameters are dependent on the estimation quality. The
use of empirical correlations to estimatemass transport parameters
impose restrictions to the model, since its predictions are validated
for a narrow range of independent variables, implicating in
unsatisfactory estimation of model parameters. Regarding the
equilibrium parameters, it is preferable to estimate their values
Nomenclature
Bi Biot number
C Concentration of saccharides in the liquid phase
(g L1)
C0 Initial concentration of saccharides in the liquid
phase (g L1)
Cb Mean concentration of saccharides in the liquid
phase (g L1)
Cs Concentration of saccharides in the particle surface
(g L1)
c1, c2 Search parameters for the PSO algorithm
Def Effective diffusivity (m2 min1)
kD Dissociation constant (g L1)
ks Film coefﬁcient (m min1)
qmax Maximum adsorption capacity of the zeolite (gs gres1)
r Radial position
R Gas constant (J mol1 K1)
v Velocity (or pseudo-velocity) of the particle
vobs Observed reaction rate (g L1 s1)
Vl Liquid volume (L)
Vs Solid volume (L)
w Search parameters for the PSO algorithm
x Position of the particle
fap Apparent Thiele modulus
3p Resin porosity
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imprecision during the estimation procedure probably will jeop-
ardize the overall model performance (Burkert, Barbosa, Mazutti, &
Maugeri, 2011).
In the present work, adsorption experiments were carried out in
a stirred tank reactor in order to evaluate the kinetics and mass
transfer effects on a single component puriﬁcation of glucose,
fructose, sucrose and FOS using six cationic forms (Naþ, Caþ2, Baþ2,
Sr2þ, Kþ and Mg2þ) of the X zeolite. A mathematical model was
proposed taking into account the kinetic and mass transfer
parameters. The adsorption rates and mass transfer resistances
parameters involved in the process were used to evaluate the
separation efﬁciency.2. Materials and methods
2.1. Adsorbents
Synthetic zeolites from the group faujasite with six cationic
forms (Naþ, Caþ2, Baþ2, Sr2þ, Kþ and Mg2þ) were used, which
presented a mean particle diameter of 0.106 mm. The cationic form
of the X zeolite was obtained from ion exchange with the corre-
sponding salt.
The moisture content of the zeolite was ﬁrst established in
a mufﬂe furnace at 300 C. The amount of ions exchanged was
equivalent to the amount of Na2O present in the zeolite (10.57 g/
100 g in the original zeolite). The amounts of zeolite, water and
saline were also calculated in order to obtain a ﬁnal concentration
of 15 g/100 g solids, which is actually equivalent to the dry zeolite
present in the ionic exchange reactor. The zeolite was suspended in
water and the pH calibrated between 5 and 6 with 100 g/L hydro-
chloric acid. A 350 g/L solution of the counter cation compoundwas
then added in conformity with the stoichiometry required for
exchange. The ﬁnal suspension was kept under constant mild
agitation (100 rpm) for 24 h. The temperature of exchange
processes was 75 C. After 24 h, the suspension was ﬁltered andwashed twice. The ﬁrst washing was accomplished with a 35 g/
100 g solution of the counter cation, using the same amount used in
the exchange. The second wash was carried out with deionized
water, using twice volume as employed in the exchange.2.2. Adsorption kinetics in the stirred tank reactor
A solid mass ratio of 1:20 (g/mL) was added into the reactor
(200 mL), which was connected to a thermostatically controlled
water bath, and left for approximately 12 h under magnetic stirring
(150 rpm) at 40 C. A solution of 150 g/L of the respective sugars
(glucose, fructose, sucrose or fructooligosaccharides) was then
added, keeping a relation of solid mass/suspension volume of 1:20.
Samples were removed approximately every 2 h to determine sugar
concentration in the liquid phase.2.3. Determination of sugars by ion exchange chromatography
Identiﬁcation and quantiﬁcation of the sugars was carried out by
ion exchange chromatography with pulsed amperometric detec-
tion (HPLCePAD). The chromatography was performed on a Car-
bopac PA100 (4  250 mm) column with a PA100 (4  50 mm)
guard column at 22e24 C, using a GP50 gradient pump, ED40
electrochemical detector and the software PEAKNET, all from Dio-
nex (U.S.A.). The sugars were eluted in 50 mmol/L sodium
hydroxidewith a linear gradient of sodium acetate (0e500mmol/L)
at a ﬂow rate of 1.0 mL/min. The standards were kestose (GF2),
nystose (GF3) and fructofuranosylnystose (GF4) from Wako Pure
Chemical Industries (Osaka, Japan) and the sucrose, glucose and
fructose from Sigma were all of analytical grade.2.4. Mathematical modeling of the adsorption in stirred tank
reactor
To formulate the model, it is assumed that the resin particles are
spherical; sugars diffusion in the solid particles follows Fick’s law;
diffusion occurs only in the r direction; and adsorption takes place
under isothermal conditions. The adsorbed sugars are assumed to
be in equilibrium with that in the pore ﬂuid at each radial position
within the particle. The conservation equations and boundary
conditions were deﬁned according to sugar uptake kinetics for
spherical particles of radius Rp in a closed batch system. Based on
the above assumptions, the adsorption process in a constant
volume stirring tank can be described by Eq. (1)
dCb
dt
¼  3
Rp
Vs
Vl
ks ðCb  CsÞ (1)
where Cb is the bulk and Cs the solid surface sugar concentrations.
Vswas assumed to be the volume of adsorber immersed in a volume
Vl of liquid, ks is the ﬁlm coefﬁcient, within sugars are dissolved at
an initial concentration C0, contained in a perfectly stirred reactor.
The initial condition for Eq. (1) is:
t ¼ 0/Cb ¼ C0 (2)
The differential material balance inside the solid particles,
where adsorption takes place on the porous surface is (Barboza,
Almeida, & Hokka, 2002; Kalil, Barboza, Maugeri, & Rodrigues,
2006):
vCi
vt
¼ Def
 
v2Ci
vr2
þ 2
r
vCi
vr
!


1 3p

3p
vqi
vt
(3)
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vqi
vt
¼ vCi
vt
vqi
vCi
(4)
and the equation can be reduced to:

3p þ

1 3p
 vqi
vCi

vCi
vt
¼ Def
 
v2Ci
vr2
þ 2
r
vCi
vr
!
(5)
The initial and boundary conditions associated with the diffu-
sion process inside the solid particles are, respectively:
t ¼ 0/Ci ¼ qi ¼ 0 (6)
r ¼ R/vCi
vr
¼ ks
3p$Def
ðCb  CsÞ (7)
r ¼ 0/vCi
vr
¼ 0 (8)
where Def is diffusion coefﬁcient, qi is the sugar concentration
adsorbed at speciﬁc site on the zeolite and 3p is a zeolite porosity.
After a preliminary screening amongst the isotherm models of
Langmuir, Freudlich, linear and BET, it was veriﬁed that the Lang-
muir model was the most suitable to represent the adsorption of all
sugars in this study. The adsorption equilibrium isotherm can be
represented by the Langmuir model, according to Eq. (9):
qi ¼
qmax$Ci
kD þ Ci
(9)
where qmax is the maximum adsorption capacity and kD is the
dissociation constant.
The method of lines was used to solve the partial differential
equation (Eq. (5)), which is a general procedure for the solution of
time dependent partial differential equations. In this sense, the
ﬁnite difference scheme was used to approximate the spatial
derivatives using equal size elements, resulting in a system of
ordinary differential equations (ODE) composed of n equations
inside the solid particle plus the differential mass equation in liquid
phase (Eq. (1)). After this procedure, the system of ODE was solved
using the LIMEX routine (Deuﬂhard, Hairer, & Zugck, 1987), whose
discretization is based on the elementary linearly implicit Euler.
The model parameters, namely qm, kD, Def and ks were estimated
using the Particle Swarm Optimization method (PSO), which has
been provided satisfactory ﬁtting of adsorption data (Burkert et al.,
2011; Moraes, Mazutti, Rodrigues, Maugeri, & Kalil, 2009).
The estimation of the parameters consisted of minimizing the
sum of the least squares (SSR) as described in Eq. (10):
SSR ¼
Xn¼NPE
i¼1

yi  ycalci
2
(10)
where NPE is the number of experimental points used in the esti-
mation, y is the vector of the experimental data points and ycalc is
the vector calculated by the model.
The parameters were estimated for each zeolite form and, after
this procedure, they were used to evaluate the mass transfer
resistance in the process, the dissociation constant and the
maximum adsorption capacity of the zeolites. The mass transfer
resistances were analyzed by estimating the Biot number (Eq. (11)),
which is a dimensionless number used in transient mass transfer
and consisting of the ratio betweenmass transfer resistances inside
and at the surface of a particle. This parameter is used to estimatewhether or not the mass inside a particle will vary signiﬁcantly in
space, from a mass gradient applied to its surface. Other parameter
often used is the apparent Thiele modulus (Eq. (12)) that is the ratio
between intrinsic chemical reaction rate in the absence of mass
transfer limitation and the rate of diffusion through the particle.
Bi ¼ ksR
Def
(11)
fap ¼ R
2
9
vobs
DefC0
(12)
where
vobs ¼
DC
Dt2.5. Particle swarm optimization
The PSO version used in this study was based on the work of
Schwaab, Biscaia, Monteiro, & Pinto (2008) which presents
a detailed description of the algorithm. The PSO technique was
originally proposed by Kennedy & Eberhart (1995) based on the
social behavior of collection of animals. Each individual of the
swarm, called particle, remembers the best solution found by itself
and by the whole swarm along the search trajectory. The particles
move along the search space and exchange informationwith others
particles, in accordance with the following equations:
vkþ1p;d ¼w$vkp;dþc1$r1

xindp;d xkp;d

þc2$r2

xglod xkp;d

(13)
xkþ1p;d ¼ xkp;d þ vkþ1p;d (14)
In the Eqs. (13) and (14), p denotes the particle, d is the search
direction, k represents the interaction number, v is the velocity (or
pseudo-velocity) of the particle and x is the position of particle, xind
and xglob represent the regions of the search space where the
objective function attains low (optimum) values, where xind is the
best position found by the particle itself, while xglob is the best
position found by whole swarm. In addition, r1 and r2 are two
random numbers with uniform distribution in the range compre-
hended between 0 and 1. The parameters w, c1 and c2 are search
parameters, which there are called of inertial weight, the cognition
and social parameters, respectively. The PSO was conﬁgured
according previous works (Burkert et al., 2011; Moraes et al., 2009),
using forty particles, and the inertial weight, cognition and social
parameters were set at 0.7, 1.0, 1.0, respectively.3. Results and discussion
3.1. Experimental data
Fig. 1 presents the kinetic of single component adsorption of
glucose, fructose and sucrose on various cationic forms of X zeolite.
It is observed that the equilibriumwas reached within 60 min in all
cases, which corroborates with Heper et al. (2007), which reported
that the glucose adsorption reaches the steady state within 30 min.
From the Fig. 1, it is seen that the NaX zeolite made it possible to
adsorb about 200 g/L of the initial concentration of glucose and
fructose after 60 min. A similar result for separation of fructose was
obtained using the BaX zeolite (about 200 g/L of recovering after
60 min) and CaX (about 200 g/L of recovering after 120 min). For
the separation of sucrose, the zeolites CaX and MgX presented the
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Fig. 1. Adsorption kinetics for the glucose (a), fructose (b) and sucrose (c) in all the
cationic forms of the X zeolite (B Ba e, Ca e- K e Mg e: Na eC Sr), where C0
(initial concentration of the sugar in solution) and C (sugar concentration in solution at
equilibrium).
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60 min of reaction.
The amount of glucose adsorbed after 60min increased according
to the following sequence of zeolite forms:
Ba2þ < Mg2þ < Ca2þ < Kþ < Sr2 < Naþ. Considering the fructoseseparation, the amount adsorbed increased according to the
following sequence of zeolite forms: Sr2 < Ca2þ < Kþ
< Mg2þ < Ba2þ < Naþ. Considering the sucrose separation, the
amount adsorbed increased according to the following sequence of
zeolite forms: Kþ < Naþ < Sr2 < Ba2þ < Ca2þ <Mg2þ.
Heper et al. (2007) evaluated the separation of glucose and
fructose using the Y zeolite. Considering the fructose adsorption,
the amount adsorbed increased according to the sequence
NHþ4 <Mg
2þ < Naþ < Ca2þ, while the amount of glucose adsorbed
increased according to the sequence NHþ4 < Mg
2þ < Ca2þ < Naþ.
These results are similar to the one obtained in this work.
Gramblicka & Polakovic (2007) reported the capacity of the
adsorbents Diaion, Dowex, Lewatit and Amberlite to recovery of
individual saccharides and veriﬁed that the adsorbed amounts
decreased in the order fructose > glucose > sucrose > kestose >
nystose > fructofuranosylnystose. In addition, Gramblicka &
Polakovic (2007) veriﬁed that the sieve effect of the resins were
the primary cause of the different partitioning of the investigated
saccharides between the solid and liquid phases. This also explains
that no effect of the concentration on the distribution coefﬁcients
was observed at the multicomponent adsorption from the mixture
of FOS. The authors also assumed that obtained isotherms for
individual FOS were not affected by the presence of other species of
the mixture.
The low performance of the BaX zeolite to recovery glucose
could be due to the fact that the hydrated Ba ions cannot migrate
into the sodalite unit and the hexagonal prism during ion exchange
because of their large ionic radii. They occupy positions in the
supercage and can interact with the adsorbents even at a low
degree of exchange (Schöllner, Einicke, & Gläser, 1993).
3.2. Estimation of model parameters and simulation
Based on the experimental results, the most appropriated forms
to separate glucose, fructose and sucrose from the reactionmedium
are the forms NaX, NaX or BaX and MgX or CaX, respectively.
Nevertheless, the choice of the most appropriated form to separate
these sugars can be made according to a numerical analysis of the
model parameters in terms of adsorption rates and mass transfer
resistances involved in the process. In this sense, therefore, the
experimental data from Fig. 1 were used to estimate the model
parameters for each zeolite form, which are presented at Table 1.
Before the analysis of the model parameters, some aspects
concerning the convergence and stability of the parameter esti-
mation should be overviewed. The convergence and stability of the
model is dependent of step-size on space and time discretizations.
To minimize this problem several step-sizes were tested and the
model parameters were optimized for each step-size. After this, the
value of the objective function was evaluated, being accepted the
parameters related to the step-size that presented the lowest value.
Regarding the time space-size, the routine used to solve the ODE
system (LIMEX) does not use equal time size intervals to solve the
equations, since this method permits an adaptive control of step-
size and order.
The initial value of the model parameters is very important
during their estimation by deterministic methods. As the PSO is
a heuristic method, the initial values were selected randomly by an
appropriated routine. In heuristic methods, all the range provided
is tested and the optimal parameters are selected based on
a probability, differently of the deterministic methods, where the
initial value can determine the optimal solution.
According to the kinetic parameters kD related to the dissocia-
tion constant, it was found out that the adsorption process is
slightly affected in all the cationic forms, because its value is higher
than one (with few exceptions: NaX for FOS and SrX for sucrose),
Table 1
Estimated model parameters for each sugar and all the cationic forms of the X zeolite.
qmax gs gres1 kD g L1 ks  103 m min1 Def  108 m2 min1 Bi fap vobs  103 g L1 min1
NaX
Glucose 0.0518 2.405 0.011 0.0449 0.129 2.979 0.520
Fructose 0.0272 3.959 0.004 0.0341 0.612 4.376 0.592
Sucrose 0.0553 240.3 0.473 0.285 8.796 0.036 0.027
FOS 0.0028 0.895 30.8 48.9 3.338 0.119 0.028
BaX
Glucose 0.0201 1.71 0.0005 0.145 0.0178 0.080 0.036
Fructose 0.0511 3.551 0.0038 0.092 0.218 0.763 0.385
Sucrose 0.0221 2.53 0.0011 0.158 0.0365 0.321 0.111
CaX
Glucose 0.0099 1.124 0.001 0.156 0.0332 0.299 0.121
Fructose 0.0397 1.165 0.0021 0.043 0.255 2.147 0.561
Sucrose 0.0166 3.032 0.0044 0.035 0.669 3.147 0.268
KX
Glucose 0.0557 2.934 0.0017 0.031 0.299 2.635 0.237
Fructose 0.0277 2.954 0.0063 0.077 0.438 0.722 0.285
Sucrose 0.0144 1.075 0.0005 0.81 0.0033 0.019 0.033
MgX
Fructose 0.0351 1.624 0.0003 0.789 0.0018 0.012 0.050
Sucrose 0.0096 3.091 0.004 0.0027 7.979 24.988 0.122
SrX
Glucose 0.0129 3.088 0.0015 0.057 0.143 1.383 0.214
Fructose 0.0425 1.779 0.0012 0.684 0.0089 0.011 0.027
Sucrose 0.0116 0.982 0.0004 0.785 0.0027 0.021 0.038
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one. It was also found that the highest value for maximum
adsorption capacity (qmax) occurred for the NaX form, what can
balance the high desorption rate. The low adsorption capacity and
the unfavorable adsorption rates could be due to the high ﬁlm
resistance to mass transfer, as expressed in terms of the ﬁlm
coefﬁcient ks, since for all the situations the estimated values for ks
were quite low, including the Naþ form, which presented the
lowest external mass transfer resistance, compared to any other
cationic forms. However, the increase in the adsorption rate does
not imply necessarily the increasing of the adsorption capacity,
since the external mass transfer is the limiting step in this process.
Since in this heterogeneous system the reaction takes place
inside the solid particles, the external and internal mass transfer
resistances play an important role. The reaction mechanism could
include ﬁlm diffusion, surface or pore diffusions, capture of solute
that could be by chemisorption, physisorption, ion exchange or
complexation, amongst others (Khraisheh, Al-Degs, Allen, &
Ahmad, 2002). An alternative to investigate these phenomena is to
evaluate the model parameters by mean of dimensionless number
as Biot and Thiele module. The Biot number presented low values
for glucose, fructose and sucrose in most of all the ionic forms,
showing that the external mass transfer is the limiting step for the
adsorption process of these sugars on the zeolites, corroborating
with the above discussion regarding the low values for the ﬁlm
mass transfer coefﬁcient (ks). The exceptions were for sucrose and
FOS for the Naþ form of the zeolite, and sucrose for Mg2þ form,
which presented high values for Biot number, compared with the
others values, indicating that the internal mass transfer is the
limiting step.
Usually values of fap< 0.3 indicate limitation by adsorption rate
and fap > 0.3 mass transfer limitation due to diffusion (Barboza
et al., 2002). In an overall analysis, both, adsorption rate and
diffusion are limiting the process, since big variations in the fap
values amongst different zeolites were found for all sugars. A
hypothesis for this result is the pore sizes of the zeolite, since it is
related with the contact area, so that it inﬂuences the maximum
adsorption capacity. In addition, the mean pore diameter could
affect the diffusion, making the reaction rate and diffusionimportant in the process. Based on the Biot and apparent Thiele
numbers both external/diffusion mass transfer and adsorption rate
are signiﬁcant limitations for the separation of saccharides by
zeolites for all ionic forms.
Based on the experimental results, on the estimated kinetic and
mass transfer parameters the most appropriated zeolite for sepa-
ration of glucose, fructose and sucrosewas the Naþ form, since high
observed adsorption rates and, mainly, lowmass transfer resistance
were observed in comparison with any other cationic forms.
Adsorption kinetics of FOS was carried out using the Naþ form
zeolite. A low adsorption capacity and higher mass transfer resis-
tance were found, resulting in an inefﬁcient separation.
The model validation for the Naþ zeolite it is shown in Fig. 2,
where experimental data are plotting against predicted ones. As it
can be seen, there is a satisfactory ﬁtting for all saccharides, indi-
cating that the model parameters represent conﬁdently the
adsorption. The estimated parameters of the Langmuir equation,
related to thermodynamic equilibrium (kD and qmax) were used to
simulate the equilibrium data for glucose, fructose, sucrose and FOS
for the NaX zeolite, which are presented at Fig. 3. The amount
adsorbed of glucose, fructose, sucrose and FOS increased 10, 17, 500
and 3 g/100 g, respectively, increasing the bulk concentration of
sugars from 20 to 220 g L1. As it can be seen, the NaX zeolite
presented similar separation capacity for glucose and fructose,
being most effective for sucrose. The NaX zeolite showed to be
rather ineffective to separate FOS from liquid mixtures, if compared
to the adsorption capacity of the Na-form resins (Lewatit S 2568
and Diaion) tested by Gramblicka & Polakovic (2007). Nevertheless,
the zeolites are less expensive that commercial resins, so that more
attractive concerning industrial separation processes.
3.3. Applicability of NaX zeolite in the recovering of saccharides
from mixtures containing FOS
In this section, the technical viability of NaX zeolite use for the
separation of saccharides from FOS mixture, synthesized enzy-
matically from sucrose, will be discussed. The overall stoichiometry
of inulinase action on sucrose can be characterized by two parallel
reaction paths (Vanková, Onderkova, Antosová, & Polakovic, 2008).
Fig. 2. Experimental (points) and predicted (lines) kinetics for glucose (,), fructose
(-), sucrose (B) and FOS (C) for the NaX zeolite.
R.C. Kuhn et al. / LWT - Food Science and Technology 48 (2012) 127e133132A set of reactions provide FOS and glucose from the fructosyl-
transferase activity, whereas the hydrolytic activity of enzyme
results in the formation of glucose and fructose (Aboudzadeh,
Jiawen, & Bin, 2006; Aguiar & Maugeri, 2010; Alvarado-Huallanco
& Maugeri, 2010). A typical composition of the reaction mixture
is: 65 g/100 g FOS, 25 g/100 g glucose, 5 g/100 g fructose, and 5 g/
100 g sucrose (Aguiar & Maugeri, 2010; Alvarado-Huallanco &
Maugeri, 2010; Sangeetha, Ramesh, & Prapulla, 2004). Nizhizawa,
Nakajima, & Nabetani (2001) proposed to increase the content of
FOS by simultaneous removal of glucose via an enzymatic reaction,
since glucose is an inhibitor of the enzymatic reaction at concen-
trations higher than 10e15 g/100 g.
However, the results from this study have shown another
possibility to increase the yield of FOS in the reaction media. The
zeolite NaX was shown to be selective for glucose and fructose,
since about 20 g/100 g of the initial concentration was recovered
after 60 min of reaction, while for FOS and sucrose a very low
adsorption was detected. Therefore, this zeolite type can be used in
situ to remove the excess of glucose during the enzymatic reaction
of FOS production. This strategy will allow the use of high initial
concentration of sucrose, compensating the amount of fructose that
will bind to the zeolite, increasing the FOS yield.Concentration (g/L)
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Fig. 3. Experimental (points) and predicted (lines) equilibrium data for glucose (,),
fructose (-), sucrose (B) and FOS (C) for the NaX zeolite. The predicted data are
based on the Langmuir model. The experimental errors were lower than 5% in all
points.4. Conclusions
In this work, single component adsorption of glucose, fructose,
sucrose and fructooligosaccharides using six cationic forms (Naþ,
Caþ2, Baþ2, Sr2þ, Kþ and Mg2þ) of the X zeolite was investigated in
stirred tank reactor. A mathematical model was proposed taking
into account the kinetic and mass transfer phenomena. Based on
the experimental results, the most appropriated form to separate
glucose, fructose and sucrose from the reaction medium was
determined, which are the adsorbent in the forms NaX, NaX or BaX
and MgX or CaX, respectively. The FOS adsorption kinetics was
performed using the NaX zeolite, so that a low adsorption capacity
and a higher mass transfer resistancewere found, which resulted in
a low efﬁciency separation. The analysis over the estimated
parameters and experimental led to a conclusion that the NaX
zeolite was the most appropriated adsorber, since it showed higher
adsorption rates and, mainly, lower mass transfer resistance than
any other cationic forms. The strategy adopted to select the
adsorbent material was shown to be interesting and applicable for
the selection of any other adsorbent material for the separation of
bioproducts of interest, since the criterion is based on experimental
data, adsorption rates and mass transfer phenomena.Acknowledgments
The authors are grateful to CNPq for the ﬁnancial support and
scholarship.References
Aboudzadeh, M. R., Jiawen, Z., & Bin, W. (2006). Modeling of protein adsorption to
DEAE sepharose FF: comparison of data with model simulation. Korean Journal
of Chemical Engineering, 23, 124e130.
Aguiar, E. O., & Maugeri, F. (2010). Characterization of the immobilized fructosyl-
tranferase from Rhodotorula sp. International Journal of Food Engineering,
6(1894), 2010.
Alvarado-Huallanco, M. B., & Maugeri, F. (2010). Kinetics and modeling of fructo-
oligosaccharide synthesis by immobilized fructosyltransferase from Rhodotor-
ula sp. Journal of Chemical Technology and Biotechnology, 85, 1654e1662.
Barboza, M., Almeida, R. M. R. G., & Hokka, C. O. (2002). Intrinsic kinetic parameters
of clavulanic acid adsorption by ion-exchange chromatography. Industrial &
Engineering Chemistry Research, 41, 5789e5793.
Burkert, C. A. V., Barbosa, G. N. O., Mazutti, M. A., & Maugeri, F. (2011). Mathematical
modeling and experimental breakthrough curves of cephalosporin C adsorption
in a ﬁxed-bed column. Process Biochemistry, 46, 1270e1277.
Deuﬂhard, E., Hairer, E., & Zugck, J. (1987). One-step and extrapolation methods for
differential-algebraic systems. Numerical Mathematics, 51, 501e516.
Fernández, R. C., Maresma, B. G., Juarez, A., & Martinez, J. (2004). Production of
fructooligosaccharides by b-fructofuranosidase from Aspergillus sp. 27H. Journal
of Chemical Technology and Biotechnology, 7, 268e272.
Gramblicka, M., & Polakovic, M. (2007). Adsorption equilibria of glucose, fructose,
sucrose and fructooligosaccharides on cation exchange resins. Journal of
Chemical Engineering Data, 52, 345e350.
Hammoudi, H., Bendenia, S., Marouf-Khelifa, K., Marouf, R., Schott, J., &
Khelifa, A. (2008). Effect of the binary and ternary exchanges on crystallinity
and textural properties of X zeolites. Microporous and Mesoporous Materials,
111, 343e351.
Heper, M., Turker, L., & Kincal, N. S. (2007). Sodium, ammonium, calcium, and
magnesium forms of zeolite Y for the adsorption of glucose and fructose from
aqueous solutions. Journal of Colloid and Interface Science, 306, 11e15.
Kalil, S. J., Barboza, M., Maugeri, F. F., & Rodrigues, M. I. (2006). Studies on the
adsorption of inulinase from Kluyveromyces marxianus ATCC 16045 onto an ion
exchange resin. Brazilian Journal of Food Technology, 9, 223e228.
Kennedy, J., & Eberhart, R. (1995). Particle swarm optimization. In. Proceedings of the
IEEE international conference on neural networks, Perth, Australia, Vol. 4 (pp.
1942e1948).
Khraisheh, M. A. M., Al-Degs, Y. S., Allen, S. J., & Ahmad, M. N. (2002). Elucidation of
controlling steps of reactive dye adsorption on activated carbon. Industrial &
Engineering Chemistry Research, 41, 1651e1657.
Moraes, C. C., Mazutti, M. A., Rodrigues, M. I., Maugeri, F., & Kalil, S. J. (2009).
Mathematical modeling and simulation of inulinase adsorption in expanded
bed column. Journal of Chromatography A, 1216, 4395e4401.
Nizhizawa, K., Nakajima, M., & Nabetani, H. (2001). Kinetic study on trans-
fructosylation by fructofuranosidase from Aspergillus niger ATCC 20611 and
R.C. Kuhn et al. / LWT - Food Science and Technology 48 (2012) 127e133 133availability of a membrane reactor for fructooligosaccharide production. Food
Science and Technology Research, 7, 39e44.
Risso, F. A. V., Mazutti, M. A., Costa, F., Maugeri, F., & Rodrigues, M. I. (2010).
Comparison between systems for synthesis of fructooligosaccharides from
sucrose using free inulinase from Kluyveromyces marxianus NRRL Y-7571. Food
Bioprocess Technology, . doi:10.1007/s11947-009-0272-1.
Sangeetha, P. T., Ramesh, M. N., & Prapulla, S. G. (2004). Production of fructo-
oligosaccharides by fructosyltransferase from Aspergillus oryzea CFR 202 and
Aureobasidium pullulans CFR 77. Process Biochemistry, 39, 755e760.Schöllner, R., Einicke, W.-D., & Gläser, B. (1993). Liquid-phase adsorption of
monosaccharide-water mixtures on X and Y zeolites. Journal of Chemical Society,
Faraday Transactions, 89(11), 1871e1876.
Schwaab, M., Biscaia, E. C., Monteiro, J. L., & Pinto, J. C. (2008). Nonlinear parameter
estimation through particle swarm optimization. Chemical Engineering Science,
63, 1542e1552.
Vanková, K., Onderkova, Z., Antosová, M., & Polakovic, M. (2008). Design and
economics of industrial production of fructooligosaccharides. Chemical Papers,
62, 375e381.
